H YPOPLASTIC LEFT HEART SYNDROME OCCURS when the systemic or left ventricle fails to develop adequately. It is associated with varying degrees of hypoplasia of the aorta, aortic valve, mitral valve, and left ventricle. It is the second most common critical cardiac defect to present in the first week of life, and is fatal in infancy if palliative surgery is not performed.
Microcephaly is defined as a condition in which the circumference of the head is significantly smaller than average for the age and gender of an individual, and is considered a surrogate for the size of the underlying brain. The presence of microcephaly suggests either under-or mal-development of the central nervous system. 10 Indeed, Glauser et al. 11 found micrencephaly, defined as a brain of abnormally low weight at autopsy, in one-quarter of a cohort of deceased patients with hypoplastic left heart syndrome. Abnormally small circumferences of the head have previously been reported in patients with congenital cardiac disease, including those with hypoplastic left heart syndrome. [11] [12] [13] [14] The aetiology of this microcephaly is uncertain, but we hypothesized that reduced flow of blood to the brain, in consequence of severe hypoplasia of the aortic arch in fetuses with hypoplastic left heart syndrome, is associated with poor cerebral growth. Thus, the purpose of our study was, first, to define the prevalence of microcephaly in a population of full-term infants with hypoplastic left heart syndrome, and second, to identify potential cardiac anatomic risk factors for the presence of microcephaly.
Materials and methods
We performed a retrospective review of charts from full term neonates with hypoplastic left heart syndrome who were enrolled in one of two separate trials of neurological outcome at the Children's Hospital of Philadelphia. The first trial enrolled patients between 1992 and 1997, 13 while the second trial enrolled patients between 1998 and 2003. 13, 15 Consent-waived approval to review the information was provided by the Institutional Review Board. Patients were eligible for the present analysis if they had an estimated gestational age greater than or equal to 37 weeks, carried a diagnosis of hypoplastic left heart syndrome, defined as underdevelopment of the left ventricle in conjunction with severe mitral valve stenosis or atresia, severe aortic valve stenosis or atresia, and hypoplasia of the aortic arch, and had documented measurements of weight, length, and head circumference at birth, as well as adequate preoperative echocardiographic images for ascertainment of the diameters of the ascending aorta and transverse aortic arch. All anthropometric data were adjusted for gestational age and gender according to the most recent guidelines outlined by the Growth Charts for 2000 from the Centers for Disease Control. 16 Microcephaly was defined as a head circumference less than or equal to the third percentile. Two sonographers blinded to the anthropometric data reviewed the echocardiographic images, and directly measured the diameter of the ascending aorta just distal to the sinutubular junction, and that of the transverse aortic arch between the origins of the brachiocephalic and left carotid arteries, using a system for offline measurement.
Statistics
Analysis of data occurred in three distinct phases. In the first, we summarized the data using measures of central tendency, variability, and association, calculation of frequency tables, and graphing relevant categorical and continuous variables. Student's t-test was used when appropriate. The second phase consisted of specifying and testing our two primary hypotheses, seeking a statistically significant relationship between the diameter of ascending aorta and presence or absence of microcephaly, and between the diameter of the transverse aorta and presence or absence of microcephaly. Finally, in the third phase, secondary hypotheses were also specified and tested. As with the second phase, the outcome of interest was presence or absence of microcephaly. In the third phase, we examined gender, gestational age, aortic valvar anatomy in terms of atresia or stenosis, birth weight by kilogram and percentile, birth length by centimetres and percentile, and body surface area as covariates of interest. Simple logistic regression equations were used to test the models in all phases. The experiment-wise error rate for the two primary hypotheses was held constant at the level of 0.05, with an adjusted hypothesis-wise error rate of 0.036 for each hypothesis, individually. 17 Hypothesis-wise error rates for all secondary hypotheses were not adjusted beyond the level of 0.05 of significance. Attempts to control statistically for anthropometric indexes, including birth weight and small for gestational age infants, were unsuccessful because these variables, being collinear with microcephaly, meant that the specified logit equations could not be calculated. We did not use values of the Z-scores of the diameters of the ascending and transverse aorta, indexed to body surface area, as the exponential relationship of these scores at very low values of both head circumference and ascending aorta have not been validated. Small differences in measurements will result in large differences in Zscores at very low values. All data were analyzed using STATA 9.0 (STATA Corp, College Station, TX).
Results
In all, a total of 129 neonates met the criterions for inclusion (Table 1 ). In general, head circumference percentiles for the entire cohort were clustered toward lower values (Fig. 1) . Mean head circumference for the microcephalic group was 30.7 plus or minus 1.1 centimetres, and the mean head circumference for the non-microcephalic group was 34.3 plus or minus 1.2 centimetres. The cumulative probability curves (Fig. 2) 
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show the relative distributions of head circumference, weight, and length in the population. Head circumference percentiles for the cohort were disproportionately smaller than both weight percentiles (p less than 0.001) and length percentiles (p less than 0.001).
For the entire group, the mean and standard deviation of the ascending aortic diameter was 3.2 plus or minus 1.5 millimetres, and the mean transverse aortic diameter was 3.7 plus or minus 0.9 millimetres (Table 1) . We found that 15 neonates (12%) had microcephaly, with 9 having aortic atresia, and 6 having aortic stenosis. Only 4 of these 15 neonates also had a weight less than or equal to the third percentile, and only three neonates had a length less than or equal to the third percentile. Microcephalic patients had significantly smaller birth weights (p equal to 0.001) and birth lengths (p equal to 0.007), as well as a smaller body surface area (p equal to 0.024). A significant association between microcephaly and a smaller ascending aortic diameter was identified (p equal to 0.034), and the difference between the mean ascending aortic diameter in those with microcephaly (2.4 plus or minus 1.2 millimetres), as compared to those with normal circumferences (3.3 plus or minus 1.6 millimetres), was 0.9 millimetres. We failed to find any statistically significant associations between microcephaly and transverse aortic size or aortic atresia. The patients with aortic atresia had a smaller mean ascending aortic diameter of (2.5 plus or minus 1.2 millimetres) compared to the patients with aortic stenosis (4.2 plus or minus 1.5 millimetres) (p less than 0.001), but no significant difference between mean transverse aortic size in aortic atresia (3.8 plus or minus 1.5 millimetres) and in aortic stenosis (3.6 plus or minus 0.8 millimetres) was present. In addition, no statistically significant associations between microcephaly and the presence of aortic atresia (p equal to 0.969) or the size of the transverse aorta (p equal to 0.619) ( The Box and Whisker plots displayed in Figure 3 demonstrate the distribution of values for the aortic diameters in neonates with and without microcephaly. The difference in the distribution of the transverse aortic diameters between the microcephalic and the non-microcephalic groups is minimal. The distribution of ascending aortic diameters in the microcephalic group is clustered toward the smaller sizes, and is noticeably differentiated from those with heads of normal size.
Discussion
In this retrospective analysis, we found that microcephaly was common in neonates with hypoplastic left heart syndrome as compared to the general population. Of the neonates examined, one-eighth had a head circumferences less than or equal to the third percentile at birth. Low birth weight was also common in this group, but not to the same degree as small head circumference. Microcephaly was significantly associated with a smaller ascending aorta, but not with a smaller transverse aorta or the presence of aortic atresia. The mean ascending aortic diameter from the neonates with microcephaly was almost 1 millimetres smaller than in those with heads of normal size. We were unable further to investigate the relationship between microcephaly and ascending aorta size by adjusting for birth weight or birth length, because the variables were co-linear, and the specified logit equations were incalculable. It is reasonable to conclude that the contribution of impairment of somatic growth may be an additional important factor in the development of microcephaly.
Our central hypothesis focused on the notion that growth of the head and brain is influenced by reduced flow of blood during fetal life due to the anatomic restriction imposed by aortic hypoplasia. Principles from Poiseuille's equation for flow in a tube have been applied, and therefore blood flow is directly related to the radius of the vessel.
‡ There are limitations to applying this equation to the cardiovascular system, since the original description from Poiseuille was based on a non-pulsatile and rigid system. In addition, the factors affecting prenatal flow of blood to the brain are complex. In the normal fetal circulation, oxygen-rich blood from the placenta is directed across the patent oval foramen into the left heart, and ejected into the head and neck vessels. Thus, the most oxygenrich blood is delivered to the developing brain. In hypoplastic left heart syndrome, antegrade flow from the left ventricle into the aortic arch is impaired, and left to right flow across the atrial septum results in less favourable streaming than in the normal heart. As the degree of aortic hypoplasia worsens, the flow of blood to the branches of the aortic arch originates predominately via retrograde flow from the arterial duct, resulting in the delivery of desaturated blood to the developing brain. Another important consideration is that cerebral and systemic, or placental, circulations are parallel circuits in the fetus, and therefore the placenta and the fetal brain are "competing" for blood. The relative resistances of the two circuits will determine the volumes of flow, and thus changes in cerebral vascular resistance may compensate for the anatomic obstruction of the ascending aorta.
Direct measurements of prenatal and postnatal flows to the brain are not available for our cohort of patients, but might provide important insights. 19 found that cerebral vascular resistance was lower than normal for infants with hypoplastic left heart syndrome and higher than normal for infants with right-sided obstructive lesions, while Donofrio et al. 18 showed that fetal hypoxia results in a lower cerebral vascular resistance. The relative influences of changes in cerebral vascular resistance and anatomic obstruction to highly oxygenated blood flow into the cerebral vasculature remain undefined. Bokesch et al. 20 found that glial derived protein S100B, a marker of cerebral ischemia, is elevated in infants with hypoplastic left heart syndrome and significantly associated with the size of the ascending aorta. If growth of the brain is affected by cerebral perfusion, then the association we found between microcephaly and a smaller ascending aorta supports the report from these workers. 20 Still, the interactions between cardiac anatomic factors such as a diminutive aorta, cerebral vascular resistance, cerebral blood flow, and microcephaly at birth remain incompletely understood, but are likely to contribute to the long term disabilities seen in this population.
Fetal studies in both animals and humans have shown that redistribution of cardiac output occurs when a normal fetus is exposed to nutritional or oxygen deficiency. [21] [22] [23] The "brain-sparing" effect refers to the phenomenon that, in a growth-restricted infant, the degree of impairment of somatic growth is expected to be more significant than that of the head, due to fetal autoregulatory mechanisms which cause preferential distribution of cardiac output to the most vital organs. In a normal circulatory system, most nutritional deficiency results in sparing of the brain. The finding in our cohort that head circumference is disproportionately smaller than birth weight is inconsistent with the "brain-sparing" effect, and suggests that growth of the brain may be differentially impaired in the fetus with hypoplastic left heart syndrome.
Rosenthal 24 extensively described the fetal growth parameters in infants with transposition of the great arteries, tetralogy of Fallot, hypoplastic left heart syndrome, and coarctation of the aorta as compared to the non-congenital heart disease population. He also suspected that restriction of growth reflected altered haemodynamics. Similar to our findings, the infants with hypoplastic left heart syndrome had smaller weights at birth, with a head circumference that was disproportionately smaller than the somatic weight. Infants with coarctation of the aorta, in whom the obstruction to blood flow is distal to the cerebral vessels, and antegrade flow in the ascending aorta is preserved, had smaller weights and lengths at birth, with normal head circumferences when compared to controls. Infants with discordant ventriculo-arterial connections, in whom the flow of blood to the cerebral vessels contains lower proportions of oxygen than normal, were found to be heavier, but to have relatively smaller heads when compared to controls. In a recent report from Manzar et al., 25 infants with hypoplastic left heart syndrome, and those with transposed arterial trunks, also had smaller head circumferences compared to normal infants. We agree with prior reports that the differences in patterns of growth among various forms of congenital cardiac disease may be influenced by a combination of unique circulatory disturbances and variations in content of oxygen. [21] [22] [23] The possibility that abnormal growth of the head is part of the developmental syndrome of congenital cardiac disease must also be emphasized, and therefore the brain-sparing theory may not be appropriately applied to patients with congenitally malformed hearts. 24 The high prevalence of microcephaly in neonates with hypoplastic left heart syndrome has important clinical implications. Neurodevelopmental impairments in the population with congenitally malformed hearts has been extensively described, and may be one of the most important late morbidities encountered by survivors of neonatal cardiac surgery. [5] [6] [7] 9, [26] [27] [28] The aetiologies of these deficits are likely multifactorial and cumulative, and therefore increasing attention has been directed towards identifying prenatal factors that may influence later neurological states. Although microcephaly in a neonate does not absolutely portend cognitive or developmental impairment, its presence suggests a pathologic disruption of normal fetal growth of the brain, which may lead to an increased risk of later neurological problems. 10, 29 Microcephaly is common in children with autism, as well as in children with cerebral palsy and mental retardation. [30] [31] [32] Limperopoulos et al., 12, [33] [34] [35] [36] reported microcephaly in approximately one third of infants with congenital heart disease, excluding those with hypoplastic left heart syndrome, and the presence of preoperative microcephaly was significantly associated with postoperative microcephaly, as well as abnormal neurological sequels that included fine motor delays and global developmental delay in infancy. Structural congenital abnormalities of the central nervous system are also known to coincide with all forms of congenital cardiac disease. 11, 37 In one autopsy study of 41 infants with hypoplastic left heart syndrome, three-tenths were found to have structural abnormalities of the brain. 11 Pre-operative periventricular leukomalacia, a marker of ischemic injury, has been reported in one-sixth of neonates with congenital cardiac disease. 38 One limitation of our study is a potential bias in selection, since our population was identified retrospectively from two clinical trials performed at a single institution. The size of the heads of the parents, and their ethnicity, may also be important factors when considering the significance of the size of the head in a newborn, and such data were not available for our analysis. The clinical significance of microcephaly in this cohort, and the long term neurodevelopmental state of the subjects, are unknown, but currently under investigation in other studies.
We conclude that microcephaly is common in newborns with hypoplastic left heart syndrome prior to cardiac surgery. Low weight at birth is also common, and significantly associated with microcephaly, but head circumference was disproportionately smaller than birth weight and length. Newborns with hypoplastic left heart syndrome and microcephaly had a significantly smaller ascending aortas compared to those without microcephaly, with a mean diameter difference of almost 1 millimetres. Our findings, in combination with other reports in the literature, suggest that complex interactions of cerebral vascular dynamics based on anatomic substrate and nutrient delivery may be important in fetal development of the brain in neonates with congenital cardiac disease.
